Background Dorsal plate and screw fixation is a popular choice for metacarpal stabilization. The balance between construct stability and soft tissue dissection remains a surgical dilemma. Historically, six cortices of bone fixation on either side of a fracture were deemed necessary. This study aims to elucidate whether four cortices of locked fixation on either side of the fracture is equivalent to the current gold standard of six cortices of nonlocked fixation on either side of the fracture. If so, less dissection to insert shorter plates with fewer screws could be used to stably fix these fractures. Methods With biomechanical testing-grade composite Sawbones, a comminuted metacarpal fracture model was used to test two fixation constructs consisting of a standard dorsal plate and either six bicortical nonlocking screws (three screws per segment) or four bicortical locking screws (two screws per segment). Thirty specimens were tested to failure in cantilever bending and torsion. Results There was statistical equivalence between the locking and nonlocking constructs in cantilever bending stiffness, torsional stiffness, maximum bending load, and maximum torque. Conclusion The tested metacarpal fracture model had equivalent biomechanical properties when fixed with a standard dorsal plate and either six bicortical nonlocking screws or four bicortical locking screws. By utilizing fewer cortices of fixation, there will be less dissection and less soft tissue stripping during fixation of metacarpal fractures. This will also be of benefit in very proximal or distal fractures as multiple cortices of fixation are often difficult to obtain during stabilization of these challenging fractures.
Introduction
Metacarpal fractures are a common presenting problem to the hand surgeon. The majority of these fractures are closed, simple, and minimally displaced leading to successful nonoperative treatment. Surgical stabilization is often chosen for unstable, open, irreducible, or high-energy injuries with extensive soft tissue stripping [10] . When performing surgery on these fractures, attention to reduction is important. A biomechanical cadaveric study shows that as much as 8 % loss of grip power may result from every 2 mm of metacarpal shortening [19] . A few degrees of malrotation may lead to digital overlap when a fist is made [10, 21, 25] . Although numerous techniques and implants have been proposed for internal fixation of metacarpal fractures, no standard method exists [1, 9, 14, 22, 24, 31, 32] . Dorsal plate and screw fixation remains a popular choice, with such constructs providing superior biomechanical strength compared to other methods, including intramedullary Kirschner wires (K-wires), crossed K-wires, and simple lag screws [8, 9, 18, 30] . Locking plate technology is now also being utilized in open reduction and internal fixation of metacarpal fractures, although its ultimate role remains unclear [11, 20, 26] .
Traditionally, it has been recommended that long bone fractures treated surgically with a plate construct should be fixed with three nonlocking screws placed both proximal and distal to the fracture [27] . More recently, however, it has been shown in certain long bone fractures that fewer screws placed strategically provide similar fixation strength and clinical outcomes [15, 17] . The optimal plate and screw construct for metacarpal fractures still remains unclear. The plate design, number of screws, and number of cortices per segment continue to be a topic of debate for metacarpal fracture fixation. Although traditional AO technique recommends a dorsal plate with six cortices of fixation on either side of the fracture, locked plates and/or fewer cortices of screw fixation may provide similar strength while allowing for less soft tissue disruption and related complications. Furthermore, many metacarpal fractures do not allow for six cortices of fixation on either side with standard plates due to the proximal or distal nature of the fracture pattern.
The purpose of this biomechanical study is to help elucidate the optimal number of cortices needed when using locked and nonlocked dorsal plate and screw constructs for metacarpal fracture fixation.
Materials and Methods
Sixty fourth-generation composite left long finger metacarpal Sawbones (Pacific Research Laboratories, Inc., Vashon, WA, USA) were cut using a custom jig, creating uniform 3-mm diaphyseal fracture gaps. This model has been used previously to simulate comminuted metacarpal fractures [12] . The specimens were then fixed with a seven-hole 2.0-mm LCP stainless steel straight plate (Synthes, West Chester, PA, USA) and either six bicortical nonlocking screws or four bicortical locking screws. A total of four groups were assigned based on fixation mode (locking screws versus nonlocking screws) and loading configuration (cantilever bending or torsion). Groups 1 and 3 were plated with six bicortical nonlocking screws, three on either side of the fracture. Groups 2 and 4 were plated with four bicortical locking screws, two on either side of the fracture. All screws were placed in the plate holes closest to the fracture site. Screw lengths were chosen to assure complete purchase of the far cortex.
A power analysis for equivalence identified 30 samples necessary for bending testing and torsion testing: group 1 (n =15), nonlocked bending; group 2 (n =15), locked bending; group 3 (n =15), nonlocked torsion; group 4 (n =15), locked torsion.
Mechanical testing was conducted on an Instron ElectroPuls E10000 (Instron Corporation, Norwood, MA, USA). For cantilever bending testing (groups 1 and 2), the proximal end of each specimen was rigidly held in a custom fixture with molded polymethylmethacrylate (PMMA) clamps ( Fig. 1 ). Following preloading to 1 N, a perpendicular load was applied on the dorsal side of the specimen 53 mm from the fixed end at a rate of 10 mm/min until failure. The loading position was centered between the distal aspect of the plate and the end of the metacarpal. The loading rate was similar to that used in previous metacarpal plating studies [11, 28] . Bending stiffness, maximum load, and failure location were determined for each specimen. Bending stiffness was calculated from the linear portion of the load versus deflection curve.
For torsion testing (groups 3 and 4), specimens were held at each end in molded PMMA clamps (Fig. 2 ). The length between clamped ends was 53 mm. During testing, the direction of rotation was clockwise relative to the proximal segment. Specimens were rotated at 2°/s until maximum torque to failure or until a maximum angular displacement of 90°was reached. Stiffness and maximum torque were recorded for each specimen. The linear portion of the torque versus angular deflection curve was used to determine torsional stiffness. Means and standard deviations for bending stiffness, maximum bending, torsional stiffness, and maximum torque were calculated for the groups. Comparisons between the two constructs were carried out with a two-tailed t test with significance set at alpha=0.05. If no statistical difference was found, we tested the hypothesis that the groups were equivalent using a 10 % difference as the threshold for equivalence. The equivalence hypotheses were evaluated with a two one-sided test (TOST) procedure and by constructing confidence intervals for the differences between the means. Significance was set at p <0.05.
Results
All constructs undergoing cantilever bending testing failed with fracture through the bone ( Fig. 3 ). Of the nonlocked bending specimens (group 1), 93 % (14/15) broke at the proximal screw hole furthest from the applied force. Of the locked bending specimens (group 2), 73 % (11/15) broke at the proximal bone-cement interface, and the remainder broke at the proximal screw hole. There were no cases of plate failure or screw pullout with bending testing. None of the nonlocked or locked specimens undergoing torsion testing (groups 3 and 4) were fractured through bone, but each exhibited a plateauing of torque near the 90°end point defined in the test and a large degree of permanent deformation of the plate (Fig. 4 ).
There was no statistically significant difference (p >0.05) between the two constructs in any of the mechanical tests (Table 1) . Equivalence testing was carried forward for each comparison.
The bending stiffness in groups 1 (nonlocked) and 2 (locked) were 5.5±0.5 and 5.4±0.7 N/mm, respectively. These values were statistically equivalent (p =0.03). The maximum bending load in group 1 (185±22 N) and group 2 (184± 27 N) also reached statistical equivalence (p =0.03).
The torsional stiffness in groups 3 (nonlocked) and 4 (locked) were 68.6±7.9 and 69.6±9.3 Nmm/deg, respectively. This reached statistical equivalence (p =0.04). The maximum torque in group 3 (1,862±196 Nmm) and group 4 (1,858±161 Nmm) also reached statistical equivalence (p =0.004).
Discussion
Metacarpal fractures are often amenable to nonoperative management. However, for those that require surgical fixation, such as comminuted diaphyseal fractures, dorsal plate constructs have been shown to offer superior stability [8, 9, 18, 30] . Although results are frequently satisfactory, complications such as adhesions, finger stiffness, tendon irritation, tendon rupture, and need for hardware removal are not uncommon [7, 29] . There is an inherent balance surgeons face between providing adequate stability and minimizing soft tissue disruption during plating of a metacarpal fracture.
The results of this study show equivalent bending stiffness, torsional stiffness, maximum bending load, and maximum torque between metacarpal fractures fixed using a dorsal plate with either (1) three bicortical nonlocking screws (six cortices of fixation) or (2) two bicortical locking screws (four cortices of fixation) on either side of the fracture. If biomechanical properties are similar between the two constructs, it therefore may be advantageous to use fewer screws with a smaller plate, thereby requiring less dissection and disruption of the surrounding soft tissues. Furthermore, it is often not feasible to place three screws on either side of a fracture if the fracture is too proximal or distal along the metacarpal.
Using a porcine metacarpal model, Ochman et al. [20] compared the stiffness and load to failure of 2.3-mm straight titanium plates fixed with four nonlocking screws or four locking screws (two on either side of the fracture). Although the locking construct using unicortical screws was found to be stronger than the nonlocking construct using unicortical screws, there was no significant difference between locking and nonlocking constructs when using bicortical fixation. Our study did not intend to confirm again that locking constructs were no different than nonlocking constructs with similar screw number and cortical purchase. Rather, we wanted to compare two commonly used fixation constructs that can pose an intraoperative dilemma. We hope to add to the Ochman study and, more importantly, provide surgeons the information that a shorter locking construct is equivalent to a longer nonlocking construct. To our knowledge, there has been no previous study comparing the biomechanical strength of metacarpal fractures fixed with dorsal plates using either six nonlocking screws or four locking screws, nor was construct equivalence detected in any of the previous studies.
Correlation of the results to in vivo measures may be made. For example, the average values for both constructs in maximum bending load were several magnitudes greater than forces normally generated across metacarpals in vivo. The average bending moment of an intact metacarpal during maximum flexion is 0.35Nm [30] . The values obtained during our testing are over 20 times greater, and it is unlikely that such high loads would ever be reached during a normal postoperative period. It is also important to note that increasing construct rigidity is not without clinical concerns. A more recent view of locking plate technology shows an environment that is too stiff to reliably promote bone healing if there is not sufficient compression and bony contact at the time of plate application. Recent studies suggest that locked plate constructs suppress interfragmentary motion to a level that is insufficient to promote healing, especially at the cortex adjacent to the plate [3, 12] .
Although unicortical screw fixation is often used clinically with locking plate technology, bicortical screw fixation was chosen for both the nonlocking and locking plates in this study in order to eliminate an additional variable. Furthermore, it is still not fully clear when to use unicortical or bicortical screw fixation with locking plates in long bone fractures [2, 5, 6, 13] . Gautier and Sommer [13] recommend at least two locking screws per main fragment with purchase of at least three cortices for simple fractures and at least two locking screws per main fragment with purchase of at least four cortices for comminuted fractures.
Fewer than three screws per segment have been tested in other long bone fracture models. Lindvall and Sagi [17] followed 75 diaphyseal forearm fractures treated with open reduction internal fixation with a plate and a total of four bicortical screws (two on either side of the fracture). At an average of 14 months follow up, there were no refractures and no infections and only one nonunion; these results are similar to forearm fractures treated with six bicortical screws. Hak et al. [15] compared the biomechanical behavior of two versus three locking screws per bone segment in a humerus fracture model and found that the addition of a third screw did not add to the stability in axial loading, bending, or torsion.
The purpose of our study was not necessarily to compare screw type (locking versus nonlocking) as this has already been studied in the metacarpal [20] . Rather, we intended to add biomechanical data behind two specific and commonly used plating techniques, with the goal of assisting with intraoperative decision-making. This was achieved by not only performing a superiority trial, but more importantly an equivalence study, which is often an underappreciated distinction and strength of this study [16] . Based on this study, there is biomechanical data to support using either of the tested plate and screw constructs.
This study is not without its limitations. First, a sawbone model was used in place of cadaveric specimens. It is has been shown, however, that sawbones provide a consistent test medium incorporating cortical and cancellous bone surrogates with mechanical and structural properties in the range of normal human bone. Cadaver specimens would have required significantly more samples to account for variation in mechanical properties and geometry among specimens of differing age, bone density, etc. Second, the multiple in vivo forces experienced by a metacarpal are difficult to replicate in a laboratory setting. We chose unidirectional forces that we felt were most relevant. Previous authors have highlighted that the predominant force across the metacarpal is apex dorsal bending given the stronger force of the flexor tendons compared to the extensor tendons [4, 23] . In cantilever bending tests, the bending moment increases linearly from zero at the point of load application to a maximum at the fixed end of the specimen. The most proximal screw in the nonlocking model is located farther away from the loading point than the most proximal screw in the locking model. Consequently, the nonlocked model is subjected to a higher moment at the screw (stress riser) location. Because the specimens will fail at the location of highest stress, nonlocked specimens typically failed at the most proximal screw hole, while the locked specimens failed either at the most proximal screw hole (location of the stress riser) or the fixed end (location of highest moment) of the specimen. The cantilever bending test is only an approximation of physiologic loading, and it should be recognized that the failure locations observed in this study cannot be extrapolated to the estimates of expected failure locations observed in clinical practice. For this reason, the bending stiffness is a more reliable indication of construct stability than maximum bending load. Third, although cyclical loading would better mimic in vivo failure, our methods test the properties of the initial stability of the construct following surgery when no healing has occurred. Finally, we chose to use the same length plate for both arms of the study. Although we could have used a smaller plate for the locking construct, it is important to note that the section of the plate extending beyond the outermost screw holes employed during fixation does not contribute to the mechanical response of the plate under the loading protocols used in the study. The loaded portion of the plate is determined by the locations of the most proximal and distal screw holes used.
In conclusion, this study shows biomechanical equivalence between simulated comminuted metacarpal fractures fixed using a dorsal plate with either (1) three nonlocking screws (six cortices of fixation) or (2) two locking screws (four cortices of fixation) on either side of the fracture. With the use of fewer screws, there is an opportunity for less soft tissue disruption and possibly fewer postoperative complications. Further studies will be necessary to correlate the findings of this biomechanical study with clinical outcomes.
